There is currently no tool available to predict extreme large-for-size (LFS) syndrome, a potentially disastrous complication after adult liver transplantation (LT). We aimed to identify the risk factors for extreme LFS and to build a simple predictive model. A cohort of consecutive patients who underwent LT with full grafts in a single institution was studied. The extreme LFS was defined by the impossibility to achieve direct fascial closure, even after delayed management, associated with early allograft dysfunction or nonfunction. Computed tomography scan-based measurements of the recipient were done at the lower extremity of the xiphoid. After 424 LTs for 394 patients, extreme LFS occurred in 10 (2.4%) cases. The 90-day mortality after extreme LFS was 40.0% versus 6.5% in other patients (P 5 0.003). In the extreme LFS group, the male donorfemale recipient combination was more often observed (80.0% versus 17.4%; P < 0.001). The graft weight (GW)/right anteroposterior (RAP) distance ratio was predictive of extreme LFS with the highest area under the curve (area under the curve, 0.95). The optimal cutoff was 100 (sensitivity, 100%; specificity, 88%). The other ratios based on height, weight, body mass index, body surface area, and standard liver volume exhibited lower predictive performance. The final multivariate model included the male donor-female recipient combination and the GW/RAP. When the GW to RAP ratio increases from 80, 100, to 120, the probability of extreme LFS was 2.6%, 9.6%, and 29.1% in the male donor-female recipient combination, and <1%, 1.2%, and 4.5% in other combinations. In conclusion, the GW/RAP ratio predicts extreme LFS and may be helpful to avoid futile refusal for morphological reasons or to anticipate situation at risk, especially in female recipients.
The large-for-size (LFS) syndrome is a well-known complication after pediatric liver transplantation (LT), (1) (2) (3) occurring in children receiving a large graft with respect to their body weight. The resulting graft compression impairs blood supply, leading to necrosis and graft dysfunction. (4) LFS is less frequent after adult LT, and its impact on early and longterm outcomes is controversial. (5) (6) (7) Moreover, the negative pressure wound therapy (NPWT) makes it easier to delay the fascial closure after LT with a large graft. (8, 9) Finally, the possibility of organ selection is drastically limited by organ shortage. For these reasons, LFS is not a real matter of concern for transplant teams. This is in contrast to the extreme form of LFS, which can be potentially lethal. Indeed, in this latter situation, the graft is so large that rib compression induces parenchymal damage, resulting in early dysfunction and even nonfunction (NF).
The severe consequences of extreme LFS justify efforts to detect and prevent situations at risk. Since there is a striking lack of tools allowing a reliable estimation of the extreme LFS risk in the literature, the objective of our study was to identify the risk factors for extreme LFS, with a focus on morphological parameters of the recipients and the donor, and to build a user-friendly predictive model. (10) Patients and Methods
STUDY POPULATION
All consecutive patients who underwent a LT at the Paul Brousse Hospital, Villejuif, France from January 2013 to June 2016 were identified in our online prospectively maintained database. This database is filled and managed by a dedicated assistant researcher. We excluded patients who received partial grafts. This retrospective analysis was approved by our local scientific board. Three additional variables (ie, thoracic and abdominal perimeters of the donor, and the right liver span of the donor estimated with computed tomography [CT] scan in coronal view) were retrieved from the Cristal database of the Agence of Biom edecine, the French public agency that regulates organ donation and transplantation.
MORPHOLOGICAL CRITERIA FOR GRAFT SELECTION
Except in recipients with hepatomegaly (neuroendocrine metastases, Budd-Chiari syndrome, or polycystic liver disease, hemangioma), or when the severity of the disease precludes the wait for another graft proposal, our global policy was to accept any liver from donors with body weight not exceeding 1.5 of that of the recipient. In the case of a large graft, the feasibility of the split for 2 adults was systematically discussed. The final decision was based on the histology and portal anatomy of the graft, the estimated volume of the left liver, and the expected duration of cold ischemia.
GRAFT HARVESTING
Harvesting was performed either according to the "en bloc" technique (11) or after pedicle dissection, depending on the conditions at the donor hospital. The "back-table" systematically included a measurement of the graft weight (GW) after cholecystectomy and the removal of all tissues surrounding the vessels. In the case of suspicion of moderate-to-severe steatosis, liver biopsy of the left and right liver was performed for a frozen section. The presence of steatosis !50%-60% was considered as a contraindication for LT, leading us to discard the graft.
LT TECHNIQUE
A total hepatectomy was most often performed with vena cava preservation. A caval replacement was usually preferred in cases of retransplantation, circular dorsal sector, or large grafts with respect to the recipient. Temporary portocaval anastomosis was routinely achieved except in the presence of large portosystemic shunt or when caval replacement was decided. The caval anastomosis was commonly achieved by using the 3 native hepatic veins, as described previously. (12) Declamping was usually performed after completion of caval and portal anastomosis. Techniques of arterial anastomosis have been recently detailed. (13) End-toend biliary anastomosis was routinely achieved, except in cases of cholangiopathy or major disparity between the graft and the native bile duct diameters.
EARLY POSTOPERATIVE MANAGEMENT
Patients were transferred to the intensive care unit (ICU), immediately at the end of the transplantation. The posttransplant immunosuppression, commonly based on a triple association of corticotherapy, tacrolimus or cyclosporine A, and mycophenolate mofetil was initiated. Details with regards to antiplatelet and anticoagulant therapies have been given previously. (13) Daily ultrasound was performed to check arterial and portal flow. A CT scan was performed in the case of flow abnormalities.
MANAGEMENT OF AN OPEN ABDOMEN AFTER TRANSPLANTATION
Since 2010, we started to use NPWT in patients for whom immediate fascial closure could not be achieved after LT. The system was changed every 2 or 3 days, and fascial edges were approximated during each procedure. Generally, if fascial closure could not be performed after 2 or 3 NPWT replacements, a biological mesh was used to cover the defect and the skin was closed. No antibioprophylaxis was administered, and immunosuppression was maintained similarly.
DEFINITION OF EXTREME LFS
We defined extreme LFS syndrome as the condition in which it was impossible to achieve direct fascial closure (ie, skin-only closure or mesh), after initial NPWT management, due to the graft volume complicated with either: early allograft dysfunction (EAD) according to Olthoff (14) (serum bilirubin > 10 mg/dL or international normalized ratio ! 1.6 on day 7, or alanine or aspartate aminotransferase > 2000 IU/L within the first 7 days), death, or urgent retransplantation. Patients who underwent direct fascial closure after initial NPWT management and/or without EAD were not included in this definition. The CT scans of 2 cases of extreme LFS are given in Fig. 1 . Although the abdomen was left open, the compression of the ribs over the central part of the liver was responsible for parenchymal necrosis and poor graft function recovery.
MORPHOLOGICAL MEASUREMENTS
Because ribs are a nonextensible anatomical barrier, we hypothesized that morphological measurement at this location may be useful to anticipate a severe mismatch. In an attempt to be as reproducible as possible, measurements were performed at the lower extremity of the xiphoid process, which can be easily identified on the CT. We defined 3 morphological distances that can be measured by using CT scan (Fig. 2 ).
1. Anteroposterior (AP) distance, cm (lower extremity of the xiphoid process to the anterior wall of vertebra). 2. Side-to-side (SS) distance, cm (the largest intraperitoneal and horizontal distance). 3. The longest right anteroposterior (RAP) vertical distance between anterior and posterior parts of ribs.
Measurements were done using CT scan performed within the period of 6 months prior to transplantation. The investigator was blinded to the outcome of the patient.
We also calculated the body surface area (BSA) index, proposed by Fukazawa et al. (15) or the total liver volume formula developed by Vauthey et al. (16) for the analysis. A 67-year-old female (79 kg) with subfulminant hepatitis (MELD score, 36). GW was 1865 g and was harvested in a 71-year-old male donor (90 kg). The evolution was marked by poor function recovery and pulmonary infection. The patient was retransplanted at POD 41 but died 2 weeks after.
STATISTICAL ANALYSIS

Continuous variables were expressed as median (range).
Categorical data and continuous data were compared by using Fisher's test or chi-square test, as appropriate and Wilcoxon test, respectively. The event of interest was extreme LFS. First, we sought to identify factors associated with severe LFS syndrome on univariate analysis. Then, variables with a P value < 0.1 were included into a multivariate logistic regression model. The selection of variables in the final model was guided by Akaike information criteria, which helps to choose the best compromise between precision and complexity of the model. The calibration of the model was checked by plotting the predicted probabilities versus the observed probabilities. A bootstrap technique (n 5 200) was used to calculate a corrected C-index and detect potential overfitting. We then calculated the probability of extreme LFS according to the final model as follow: logit 5 b 0 1 b 1 x 1 1 ÁÁÁ 1 b n x n (x, variable of the model; b, the coefficient of regression). The probability of the event of interest is equal to expo-
The receiver operating characteristic (ROC) curves were also used to assess the performance of the other ratios and to calculate the optimal cutoff for predicting extreme LFS.
The analysis was performed with the statistical programming language, R, version 3.3.2 (R Project for Statistical Computing, Vienna, Austria), with the rms, ROCR, and ggplot2 packages.
Results
A total of 424 LTs for 394 patients were analyzed. The 90-day mortality of the whole cohort was 7.3%.
Overall, the fascial closure could not be achieved immediately after LT in 38 (9.0%) cases. Direct fascial closure after NPWT was not possible in 12 patients. Of them, 10 patients (2.4% of the overall cohort) fulfilled the criteria defining the extreme LFS. In the remaining 26 patients, direct fascial closure (without mesh) after initial NPWT management was possible and EAD occurred in 9 patients.
EXTREME LFS GROUP
The details of these patients are given in Table 1 . The majority (n 5 8; 80%) were females who received a graft harvested in male donors. Four patients (40%) died within the first 90 days. One presented a graft NF, leading to multiple organ failure (MOF) and died on day 3. Two patients died of sepsis in the setting of poor graft function at day 24 and day 35. For them, retransplantation was not considered due to poor general status. Only 1 patient was finally retransplanted at day 41 but died 2 weeks after pulmonary infection. The liver function of the 6 survivors of this group progressively recovered, and finally, the abdominal wall could be closed with a biological mesh, except for 1 who underwent skinonly closure.
COMPARISONS OF THE GROUPS OF PATIENTS WITH OR WITHOUT EXTREME LFS
The comparisons of the 2 groups are given in Table 2 . As expected, there were major differences. In the group with extreme LFS, the proportion of female recipients was higher, and the 3 morphological distances (AP, RAP, and SS) were significantly shorter. There was no difference in the thoracic or abdominal perimeter of the donor as well as the right span of the graft (coronal view).
Not surprisingly, 6 of the 10 (60%) patients with extreme LFS underwent transplantation for fulminant hepatitis versus 9.9% of the group without extreme LFS (P < 0.001). As expected, the median Model for End-Stage Liver Disease (MELD) score was significantly higher in the extreme LFS group.
UNIVARIATE ANALYSIS FOR THE RISK OF EXTREME LFS
The sex matching combination was also associated with extreme LFS. The male donor-female recipient 
OPTIMAL CUTOFFS
ROC curves for the risk of extreme LFS are given in Fig. 3 . The GW/RAP ratio exhibited the best area under the curve (area under the curve [AUC], 0.95). The GW/RAP cutoff, predicting extreme LFS with the maximal sensitivity (Se) and specificity (Sp), was 100 (Se and Sp were 100% and 88%, respectively). The AUC and the optimal cutoffs (with their respective Sp and Se) of the other ratios: GW/explant liver weight, donor-to-recipient weight, donor-to-recipient height, GRWR, SLV/RAP, SLV/explant liver weight are given in Fig. 3 .
FINAL MODEL PREDICTING EXTREME LFS
After multivariate analysis, the final model included male donor-female recipient combination (risk ratio, 8.58; 95% confidence interval [CI], 1.85-60.9; P 5 0.01) and the GW/RAP ratio (risk ratio, 1.06; 95% CI, 1.03-1.10; P < 0.001). The corrected Cindex was 0.95. The probabilities of extreme LFS predicted by this final model are represented in Fig. 4 . When the GW/RAP distance ratio increases from 80, 100, to 120, the risk predicted by the model is 2.6%, 9.6%, and 29.1% in the male donor-female recipient group, whereas it is 0.2%, 1.2%, and 4.5% in other sex matching combinations, respectively. Then, we sought to identify some potential interactions between GW/RAP and others factors such as recipient weight, recipient size, GW, or RAP distance. None of the tested interactions terms were significant, meaning that the relationship between GW/RAP and 
SUBGROUP ANALYSIS
Management With NPWT
We compared the group of extreme LFS with that of patients managed with NPWT without extreme LFS. Data are reported in Supporting Table 1 . The differences in the GW/RAP and GW/explant liver ratios, between the 2 groups, remained significant.
GRWR ! 2.5%
We did a similar comparison in the subgroup of patients with a GRWR ! 2.5%. Four patients of the extreme LFS group had lower GRWR and were therefore excluded (Supporting Table 2 ). We also found that GW/RAP ratio and GW/explant liver ratio were significantly higher in the group with extreme LFS.
Male Donor-Female Recipient
We reported the proportion of extreme LFS cases according to the GW/RAP ratios (<100; 100-120; > 120) and the GW/explant liver ratio (<1.2; ! 1.2) in Table 3 . No LFS occurred when GW/RAP ratio was < 100 or when the GW/explant liver was < 1.2. Among the 12 patients with GW/ RAP ranging between 100 and 120, and a GW/ explant liver ! 1.2, 4 (33%) patients presented an extreme LFS. Five patients had a GW/RAP > 120 and a GW/explant liver ! 1.2. Four (80%) of them suffered from extreme LFS.
Discussion
MAIN FINDINGS
Although rarely observed after adult LT (2.4% of LT cases in the present study), extreme LFS syndrome is an immediate life-threatening event (here, the 90-day mortality was 40%). Preventative strategies to avoid extreme LFS in adults are currently not available in the literature. (10) In practice, the risk of morphological mismatch is often evaluated intuitively or based on simple morphological measurements. To our knowledge, no study has proposed a simple tool to predict such risk. In a large cohort, Fukazawa et al. (15) investigated the LFS syndrome after adult LT and showed that the BSA donor to BSA recipient ratio (BSA index) predicts the 3-year graft survival. However, our analysis revealed that the BSA index has limited predictive value for the risk of extreme LFS. The same was true for recipient/donor ratios including BW or body mass index (BMI) or SLV.
We found that the GW/RAP ratio (at the level of the xiphoid process) best correlates the risk of extreme LFS. This is likely because this ratio takes into account the "deepness" of the thorax, which may be determinant in case of large graft. It also appeared that the risk for extreme LFS depends on the type of donorrecipient sex matching, independently of the GW/ RAP ratio, meaning that there is a significant difference in the extreme LFS risk for equal RAP and GW. This could be explained by differences in the 3-dimensional-conformation of livers between male and female, although this cannot be demonstrated here. Moreover, no extreme LFS occurred when the GW/ explant ratio was lower than 1.2 even with a GW/RAP ratio > 100. This indicates that for recipients with major hepatomegaly (polycystic liver, hemangioma, neuroendocrine tumors, Budd-Chiari syndrome), the risk of extreme LFS is almost null, regardless of the GW/RAP.
SELECTION OF DONOR-RECIPIENT
The strength of our model resides in its simplicity and reliability. In the male donor-female recipient subgroup, the risk of extreme LFS remains low when GW/RAP < 100, but dramatically increased beyond. This means that a slight increase of the ratio translates into a major increase of the risk. Then, the addition of other unfavorable factors such as edema of the graft, small bowel after reperfusion, or a "squat" graft may decide the final outcome. Unfortunately, these factors cannot be predicted or evaluated accurately and were therefore not included in the model. NOTE: Data are given as n (%). The n value represents the number of extreme LFS cases/total number of patients exposed.
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REASONS FOR EXTREME LFS
Why such severe donor-recipient mismatch has not been anticipated and avoided is a crucial question. First, we may have paid less attention to the risk of size mismatch, given the encouraging results of our initial experience of NPWT for managing open abdomen after LT (17) and that of other groups. (8, 9) Even if NPWT allows for postponement of fascial closure during the time necessary for edema resorption, thus increasing the chance for definitive abdominal closure, our more recent experience showed that extreme LFS situations cannot be solved by NPWT only.
Second, it is likely that the recent French allocation system has favored the occurrence of extreme LFS. Indeed, our previous allocation policy gave a transplant team the possibility to choose freely in their recipient list whereas the present graft attribution system is now governed by "the sickest, the first" principle. Although such a policy allows a reduction of the on-list mortality, it does not take the morphological parameters of both recipient and donor into account, thus increasing the risk of size mismatch.
WHAT TO DO IN HIGH-RISK SITUATIONS: DENY THE OFFER, REDUCE THE GRAFT, OR TAKE THE RISK?
The answer to this question clearly relies on the severity of the recipient. We acknowledge that our model may be a luxury that some very severe patients cannot afford. If denying is advisable in patients for whom the immediate prognosis is not engaged, the choice is more complex for severe patients. Graft reduction is an attractive solution, commonly achieved in pediatric LT. (3, (18) (19) (20) (21) (22) (23) (24) However, its feasibility in severe patients remains uncertain. On one side, a limited resection such as left lobectomy is very unlikely to solve the mismatch issue because compression, due to the ribs, mainly applies on the right liver. Then, a right hepatectomy could be an option, as already published. (25) However, the volume of the left liver after right hepatectomy may be insufficient in patients with liver failure and severe coagulation disorders. The removal of the posterior sector while preserving the right hepatic vein could be an interesting compromise, avoiding both small-for-size syndrome and rib compression. However, further studies are needed to validate this strategy.
PRACTICAL CONSEQUENCES OF THE PRESENT STUDY
There are several consequences of the present findings.
1. Transplant teams should be aware that female recipient-male donor with a GW/RAP ! 100 is a matching combination at risk of extreme LFS mismatch, except in the presence of major hepatomegaly. 2. The recipient/donor ratios including weight, BMI, BSA, and SLV have limited discriminative ability. Moreover, ascites has no "protective" effect and should not reassure against the risk of extreme LFS. 3. In situations at risk, our study argues for an estimation of the GW by CT-based volumetry before procurement, thanks to the excellent correlation between volume and weight in normal liver. (26) When the donor workup only includes abdominal ultrasound, a complete back-table preparation should be done at the donor hospital to allow reliable measurement of the GW and take the "go/no go" decision. The total liver volume prediction using formulas based on morphological parameters (16, 27) may also be useful, although significant discrepancies have been reported. (28) 4. This model can also be used to avoid futile size reduction or denying an offer. We recently faced the situation of a 69-year-old woman, enlisted for LT because of hepatic insufficiency (MELD score, 35) secondary to Rendu-Osler disease. Her body weight was 45 kg. The liver of a 23-year-old male dead brain donor with a weight of 81 kg was allocated to her. Unexpectedly, the RAP distance of our recipient was 17.5 cm. According to our model, the risk of extreme LFS was low, provided that GW did not exceed 1750 g. Finally, the GW was 1625 g and has been successfully transplanted without any reduction. Previously, the fear of extreme LFS would have led us to deny this offer and continue to wait for a hypothetical smaller graft at the cost of an increased risk of death on the waiting list.
LIMITATIONS OF THE STUDY
Our study carries some limitations. First, the number of extreme LFS cases is limited. The graft proposals that were denied for morphological reasons could not be evaluated. We also acknowledge that the GW may not be the best parameter to predict extreme LFS. Indeed, the 3-dimensional shape of the graft may be more accurate than the GW itself. Some large-volume livers exhibit narrow, flat, and elongated shape (relative long right liver span), whereas others have a short, "squat" morphology (relative short right liver span). The implication of these morphological differences is obviously of major interest, but the retrospective design of the study did not allow us to investigate this point.
Only a prospective evaluation of the graft in 3 dimensions would make it possible.
Whether the high rate of mortality after extreme LFS is exclusively related to the excessive volume of the graft cannot be definitively demonstrated. However, the balance of risk (BAR) score, (29) which includes risk factors of both graft and recipient, was similar. Posttransplant CT scan of extreme LFS cases clearly showed parenchymal damage induced by rib compression, and it is well established that the association of severe recipient and "impaired" graft carries a much higher risk of mortality. (30, 31) Moreover, it has been shown that the use of large grafts results in a diaphragmatic dysfunction, reduction of lung volume, and the constitution of atelectasis. Such persisting conditions predispose the recipient to further develop pulmonary infections. (7) So, the association of a poor liver function recovery and impairment of the respiratory function, combined with the severity of the recipient disease may explain the high mortality rate observed after extreme LFS.
In conclusion, extreme LFS is a rare but potentially disastrous complication after adult LT. Male donorfemale recipient is the combination at high risk. A good estimation of the extreme LFS risk can be made by using the GW to RAP distance ratio and should not rely on basic donor measurements.
